The complete knowledge of a quantum state allows the prediction of the probability of all possible measurement outcomes, a crucial step in quantum mechanics. It can be provided by tomographic methods 1 which have been applied to atomic 2, 3 , molecular 4 , spin 5, 6 and photonic states. For optical [7] [8] [9] or microwave 10-13 photons, standard tomography is obtained by mixing the unknown state with a large-amplitude coherent photon field. However, for fermions such as electrons in condensed matter, this approach is not applicable because fermionic fields are limited to small amplitudes (at most one particle per state), and so far no determination of an electron wavefunction has been made. Recent proposals involving quantum conductors suggest that the wavefunction can be obtained by measuring the time-dependent current of electronic wave interferometers 14 or the current noise of electronic Hanbury-Brown/Twiss interferometers [15] [16] [17] . Here we show that such measurements are possible despite the extreme noise sensitivity required, and present the reconstructed wavefunction quasiprobability, or Wigner distribution function 17 , of single electrons injected into a ballistic conductor. Many identical electrons are prepared in well-controlled quantum states called levitons 18 by repeatedly applying Lorentzian voltage pulses to a contact on the conductor [19] [20] [21] . After passing through an electron beam splitter, the levitons are mixed with a weak-amplitude fermionic field formed by a coherent superposition of electron-hole pairs generated by a small alternating current with a frequency that is a multiple of the voltage pulse frequency 16 . Antibunching of the electrons and holes with the levitons at the beam splitter changes the leviton partition statistics, and the noise variations provide the energy density matrix elements of the levitons. This demonstration of quantum tomography makes the developing field of electron quantum optics with ballistic conductors a new test-bed for quantum information with fermions 20, [22] [23] [24] . These results may find direct application in probing the entanglement of electron flying quantum bits 25 , electron decoherence 17 and electron interactions. They could also be applied to cold fermionic (or spin-1/2) atoms 26 . A quantum state y contains all the information about a particle or a system. Disregarding spin for simplicity, a practical representation is given by the product of the wavefunction Q which contains the spatial information and an occupation state in a Fock space representation. Although the determination of the latter requires similar experimental resources for a fermion and for a single boson, the complete determination of the wavefunction by tomographic methods is fundamentally more demanding for fermions than for bosons. To emphasize this let us consider a single particle propagating in a single spatial mode (an electron in an effectively one-dimensional ballistic conductor or a photon in an optical medium). In the space and time domain representation, the electron quantum state at position x and time t is Q(t 2 x/v F )jf ae, where v F is the velocity, Q is the wavefunction and jf ae is the fermionic occupation state, j1ae or j0ae. Similarly, a photonic state is characterized by E 0 u(t 2 x/c)jbae, where E 0 is the electric field amplitude of a single photon, u is the spatial mode which plays the role of Q, jbae is, for example, a number state or a Glauber coherent state, and c is the speed of light. In quantum optics, the determination of the mode u can be done by mixing with a coherent field (local oscillator) with amplitude ffiffiffiffiffiffiffiffi N LO p E 0 u t{x=c ð Þ, where N LO is the mean photon number. Then a classical measurement of u can be made because the fundamental quantum measurement uncertainty , 1 . ffiffiffiffiffiffiffiffi N LO p vanishes for large ffiffiffiffiffiffiffiffi N LO p . Only the determination of the bosonic state jbae requires purely quantum tomography. For fermions, however, the state occupation being limited to 1, no classical amplitude level can be reached and a quantum tomography is necessary for both the wavefunction Q and the fermion state jf ae. In the present work, we prepare many electrons, each in the known fermionic state jf ae 5 j1ae. We show that, although extremely demanding, a quantum tomography of the wavefunction of a time-resolved single electron is possible using shot noise, and we determine the first-order coherenceQ Ã e 0 ð ÞQ e ð Þ in the energy representation (whereQ e ð Þ is the Fourier transform of Q(t) and the asterisk denotes complex conjugation).
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The complete knowledge of a quantum state allows the prediction of the probability of all possible measurement outcomes, a crucial step in quantum mechanics. It can be provided by tomographic methods 1 which have been applied to atomic 2, 3 , molecular 4 , spin 5, 6 and photonic states. For optical [7] [8] [9] or microwave [10] [11] [12] [13] photons, standard tomography is obtained by mixing the unknown state with a large-amplitude coherent photon field. However, for fermions such as electrons in condensed matter, this approach is not applicable because fermionic fields are limited to small amplitudes (at most one particle per state), and so far no determination of an electron wavefunction has been made. Recent proposals involving quantum conductors suggest that the wavefunction can be obtained by measuring the time-dependent current of electronic wave interferometers 14 or the current noise of electronic Hanbury-Brown/Twiss interferometers [15] [16] [17] . Here we show that such measurements are possible despite the extreme noise sensitivity required, and present the reconstructed wavefunction quasiprobability, or Wigner distribution function 17 , of single electrons injected into a ballistic conductor. Many identical electrons are prepared in well-controlled quantum states called levitons 18 by repeatedly applying Lorentzian voltage pulses to a contact on the conductor [19] [20] [21] . After passing through an electron beam splitter, the levitons are mixed with a weak-amplitude fermionic field formed by a coherent superposition of electron-hole pairs generated by a small alternating current with a frequency that is a multiple of the voltage pulse frequency 16 . Antibunching of the electrons and holes with the levitons at the beam splitter changes the leviton partition statistics, and the noise variations provide the energy density matrix elements of the levitons. This demonstration of quantum tomography makes the developing field of electron quantum optics with ballistic conductors a new test-bed for quantum information with fermions 20, [22] [23] [24] . These results may find direct application in probing the entanglement of electron flying quantum bits 25 , electron decoherence 17 and electron interactions. They could also be applied to cold fermionic (or spin-1/2) atoms 26 .
A quantum state y contains all the information about a particle or a system. Disregarding spin for simplicity, a practical representation is given by the product of the wavefunction Q which contains the spatial information and an occupation state in a Fock space representation. Although the determination of the latter requires similar experimental resources for a fermion and for a single boson, the complete determination of the wavefunction by tomographic methods is fundamentally more demanding for fermions than for bosons. To emphasize this let us consider a single particle propagating in a single spatial mode (an electron in an effectively one-dimensional ballistic conductor or a photon in an optical medium). In the space and time domain representation, the electron quantum state at position x and time t is Q(t 2 x/v F )jf ae, where v F is the velocity, Q is the wavefunction and jf ae is the fermionic occupation state, j1ae or j0ae. Similarly, a photonic state is characterized by E 0 u(t 2 x/c)jbae, where E 0 is the electric field amplitude of a single photon, u is the spatial mode which plays the role of Q, jbae is, for example, a number state or a Glauber coherent state, and c is the speed of light. In quantum optics, the determination of the mode u can be done by mixing with a coherent field (local oscillator) with amplitude ffiffiffiffiffiffiffiffi N LO p E 0 u t{x=c ð Þ, where N LO is the mean photon number. Then a classical measurement of u can be made because the fundamental quantum measurement uncertainty , 1
. ffiffiffiffiffiffiffiffi N LO p vanishes for large ffiffiffiffiffiffiffiffi N LO p . Only the determination of the bosonic state jbae requires purely quantum tomography. For fermions, however, the state occupation being limited to 1, no classical amplitude level can be reached and a quantum tomography is necessary for both the wavefunction Q and the fermion state jf ae. In the present work, we prepare many electrons, each in the known fermionic state jf ae 5 j1ae. We show that, although extremely demanding, a quantum tomography of the wavefunction of a time-resolved single electron is possible using shot noise, and we determine the first-order coherenceQ Ã e 0 ð ÞQ e ð Þ in the energy representation (whereQ e ð Þ is the Fourier transform of Q(t) and the asterisk denotes complex conjugation).
We first explain how we prepare the single-electron state in a quantum conductor and then how the quantum tomography is performed. The quantum conductor is a quantum point contact (QPC) placed at low temperature (electron temperature, T e < 35 mK). It is formed in a high-mobility two-dimensional electron gas using split gates deposited on top of a GaAs/GaAlAs heterojunction ( Fig. 1a and Supplementary Information). Applying negative voltage V G to the gates creates a constriction transmitting a limited number of electronic modes. Here we select a single mode whose transmission D(V G ) is obtained by measuring the conductance G~(2e 2 =h)D, where e is the electron charge and h is Planck's constant. The on-demand injection of charges into the conductor is obtained by applying a voltage pulse V L (t) on one of the ohmic contacts adjacent to the QPC, say the left. If the voltage flux satisfies e Ð z? {? V L t ð Þ dt~h then the charge is unity. Moreover, a Lorentzian pulse V t ð Þ~2Bw=e(t 2 zw 2 ), where B~h=2p and 2w is the pulse width at mid height, creates a clean single-electron state 19 called a leviton 18 with an energy just greater than the Fermi energy of the conductor. Remarkably, although the leviton originates from a collective displacement of the Fermi sea towards positive energy, it can be considered a single-particle state 20, 21 disentangled from the Fermi sea 21 . A wavefunction representation of the leviton in the energy domain isQ e ð Þ~ffi ffiffiffiffiffiffiffiffiffi ffi 2w=B p h e ð Þe {ew=B , where h is the Heaviside step function. Experimentally, periodic trains of levitons have been generated 18 . When partitioned by a QPC 18 they generate a current shot noise corresponding to electrons prepared in the occupation state j1ae. Using shot-noise spectroscopy and electron Hong-Ou-Mandel noise correlation techniques, their wavefunction probability in the energy and time domain was found to be consistent with expectations. Thus, levitons provide a clean way of testing wavefunction quantum tomography in a quantum conductor.
We now discuss how to probe the first-order coherence from which the full wavefunction can be extracted. A first approach could be wave interferometry. In quantum optics, this gives G 1 (t 2 t9), which is the firstorder coherence AEy 1 (t9)y(t)ae averaged over the mean time t~tzt 0 ð Þ=2 (here y 1 is the Hermitian conjugate of y). The information is incomplete, however, and other approaches must be used 27 . Wave interferometry is more promising with electrons: measuring the time-dependent current of an electronic Mach-Zehnder interferometer has been proposed 14 as an elegant way to determine the full coherence AEy 1 (t9)y(t)ae, *These authors contributed equally to this work.
but so far no such experiments have been done. Another approach is performing shot-noise measurements. This is the approach followed in the present experimental work. Photon shot noise has been exploited using adaptive homodyne tomography 27 to infer the unknown spectrotemporal properties of a single photon mode u. A large local oscillator field is mixed with the single photon in a beam splitter and its temporal shape is tuned to maximize the output noise, providing a classical copy of the unknown mode (Fig. 1b) . For electrons, a large fermion field cannot be used but the principle of homodyne mixing can be kept. A recent proposal is to reverse the amplitude hierarchy 16 . Because it is the single-electron source corresponding to the maximum fermionic amplitude (as jf ae 5 j1ae), this is the local oscillator fermionic probe source whose amplitude has to be weak so that simple information can be provided by the noise variation at the beam-splitter output when mixing particles coming from the two sources. For simplicity, let us consider zero temperature. When a flux-quantized Lorentzian voltage pulse is applied to the left contact, a leviton is sent towards the QPC beam splitter. Repeating the experiment and recording the charge at the right contact gives the mean charge AEQae 5 De and the charge partition noise AEDQ g LO (hn/e)cos(2pn(t 2 t)) with small amplitude g LO = 1, frequency n and time delay t referred to the leviton emission time. This generates at the QPC a weak fermionic field made of electrons in a superposition of states with their initial energies shifted by 6hn and with probability amplitudes g LO e i2pnt /2 and 2g LO e 2i2pnt /2, respectively, the probability of keeping the initial energy being 1 2 g LO 2 < 1 (Fig. 1c) . Their mixing with the levitons at the beam splitter gives the antibunching probability amplitude
Differentiating the noise with respect to eV R , and keeping only the a.c. contribution, gives a noise variation proportional to
Bias tee Bias tee 
RESEARCH LETTER
Fully quantum tomography can then be done by varying the voltage frequency and time delay t, providing the real and imaginary parts of the first-order coherence 16 . Because the leviton wavefunction in the energy domain is real, we get
Because only positive energy is concerned, equation (1) givesQ
and so on, providing a full determination of the energy density matrix.
In our experiment, single-electron levitons are injected at a frequency n 0 by applying periodic Lorentzian voltage pulses from the left contact. The full-width at mid-height is 2w 5 30 ps and the period is T 5 n 0 21 5 166 ps. To extract the diagonal and off-diagonal parts of the energy density matrix, we follow the experimental approach discussed above with current noise measured instead of charge fluctuations. With V R 5 0 and in the absence of a.c. voltage, the partitioning of levitons generates the low-frequency current noise spectral density S I 
where d is the Dirac delta function and k is an integer. Only energies separated by multiple of hn 0 contribute to off-diagonal terms, and the frequency of V LO (t) must be n 5 6kn 0 . Because high harmonics give too small a signal, measurements are restricted to k 5 0, 1 and 2.
The diagonal part (k 5 0) is obtained by measuring the difference between the partition noise of single-electron levitons injected at frequency n 0 , using the periodic Lorentzian voltage V L (t), and that of continuously injected electrons provided by a constant voltage equal to the mean value of the voltage pulse V L (t)~hn 0 =e. The zero-temperature noise difference is 18, 28 
On the right-hand side, the first term represents the noise of right electrons emitted at energy below m R 5 eV R , whose shot noise is reduced by antibunching with the leviton. The second term is the partition noise of levitons for energy above m R . It is followed by the subtracted d.c. shot noise. Because Q(e) varies by steps in hn 0 intervals, equation (2) . From the data we extract r l,l directly from a fit including the small-temperature effects. The solid red curve corresponds to the best four-parameter fit, from which the four first r l,l (that is, l 5 0 to 3) are extracted (Supplementary Information). Self-heating including a small temperature increase (35 mK for V R < 0 to 47 mK for V R < 3hn 0 /e) has been included. The r l,l are plotted in red in Fig. 2b . Comparison with theoretical values based on a Floquet scattering modelling (in black) is good within the experimental uncertainties.
For the measurement of the off-diagonal part (k ? 0), we measure the noise difference when switching on and off the amplitude of V LO (t) 5 g LO (hn/e)cos(2pn(t 2 t)) superimposed on the right d.c. voltage V R and synchronized with the Lorentzian pulses. The zerotemperature shot noise difference is
This expression also varies linearly by parts becauseQ e ð ÞQ ezkhn 0 ð Þ r l,lzk for lhn 0 , e , (l 1 1)hn 0 is a step function of the energy. For example, for k 5 1 the integral in equation (3) is 0 for m R , 0, r 0,1 m R / hn 0 for 0 , m R , hn 0 , r 0,1 2 r 1,2 (m R 2 hn 0 )/hn 0 for hn 0 , m R , 2hn 0 , and so on. Finite-temperature expressions are given in Supplementary Information. Figure 3a , b shows measurements of DS I k versus t for k 5 1, g LO 5 0.095 and k 5 2, g LO 5 0.0425 at fixed m R < hn 0 . Clear oscillations are observed. The delay period in Fig. 3b is twice that observed in Fig. 3a . Before going further, we emphasize that observation of these oscillations demonstrates off-diagonal coherence in an electronic orbital state, here a leviton. No experiment has given direct evidence of off-diagonal coherence of electrons in a conductor yet. We now compare the offdiagonal terms extracted from the measurements with those predicted for a leviton. Figure 3c, d shows the experimental variation of DS I k with m R for k 5 1 and 2 (open blue circles), fixing t 5 0 to maximize the signal. In both plots, the solid black curves represent the theoretical signal expected for a leviton. The red dashed curves are the best fits, from which the off-diagonal terms r l,l1k can be extracted. For k 5 2 a four-parameter fit is used and l 5 0 to 3, and for k 5 1 a five-parameter fit is used because a finite, but very small, hole excitation contribution . Error bars, s.e.m. calculated from the cross-correlation noise spectrum standard deviation in a 800 kHz bandwidth and after n < 100,000 acquisitions. b, Diagonal part of the energy density matrix versus energy using the r l,l extracted from the fit. Comparison with theory for levitons is in black. Error bars, s.e. calculated from the best fit. The WDF is limited to the first two temporal harmonics and to the energy domain e , 3.5hn 0 . Negative parts are characteristic of a wavefunction which cannot be described by a classical probability distribution in the time and energy domains. b, Theoretical WDF. The full WDF has been truncated to the first two harmonics and to the energy range probed experimentally, for better comparison. The two-dimensional colour plots are shown to better display the region of negative values of the WDF. c, Cut of the experimental and theoretical WDFs at energy e 5 1.25hn 0 (for energies 1.5hn 0 . e . hn 0 both the first and second harmonics contribute to the WDF). Using the experimental errors in Fig. 3e , f, we have generated the two red dashed curves between which the experimental WDF is expected to lie. Robust negative values of the WDF are found, a hallmark of interference effects. d, Projecting the WDF along the energy direction gives access to the temporal variation of the electron probability distribution of the leviton | Q(t) | 2 . The experimental data are (red) are compared with the theoretical truncated WDF (black).
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(l 5 21) was found necessary to improve the fit. They are shown in Fig. 3e , f. The errors bars are obtained from the standard error of the fit. They are much larger than those in Fig. 2b because the measured noise is about ten times smaller.
The noise oscillations with phase in Fig. 3a , b and the noise variations with voltage in Fig. 3c, d are well reproduced by a model including only the 35-50 mK thermal rounding. Supplementary Fig. 2 provides additional tomographic noise measurements performed on two-electron sine-wave pulses. Here again good agreement is found between data and theory. Deviation arising from decoherence effects due to electronelectron interaction is not expected here because the two-dimensional Landau quasi-particle lifetime is longer than the (50 mK) thermal time for the typical energies probed here (Supplementary Information).
From 14 and for periodic pulses 17 . In the latter case, the WDF is also periodic. Its expression in terms of the quantities r l,l1k is given in Supplementary Information. Figure 4a and Fig. 4b respectively give three-dimensional plots of the experimental and theoretical WDFs. Because the experimental WDF is limited to the first two harmonics and the energy range 2hn 0 # e , 3.5hn 0 , the theoretical WDF is truncated accordingly for comparison. To better show the agreement between experiment and theory, we provide in Fig. 4c a cut of the WDF at energy e 5 1.25hn 0 (red, experiment; black, theory). Using the experimental errors of r l,l1k (l 5 0) in Fig. 3e , f, we have generated the two red dashed curves in Fig. 4c between which the experimental WDF is expected to be located. For reduced times t/T around ,0.3 and 0.7 we clearly find robust regions of negative WDF, a hallmark of a quantum state.
Finally, as a particular application of the WDF, the integration over energy e gives the probability jQ(t)j 2 . Its experimental (red solid curve) and theoretical (black dashed curve) variations with time are given in Fig. 4d . The excellent agreement validates our experimental determination of the WDF from the tomographic noise procedure of ref. 16 . This provides better information on the temporal shape of the wavefunction than the convolution jAEQ(t)jQ(t 1 t)aej 2 given by the electronic HongOu-Mandel method used for levitons in ref. 18 or for single electrons in ref. 31 .
Using the known leviton state, we have demonstrated that the quantum wave tomography of itinerant electrons can be done experimentally using shot noise. Probing the off-diagonal energy density matrix opens the possibility of studying more complex electron quantum states such as entangled electron quantum bits in ballistic conductors or complex electron quantum states built by interaction. Examples of the latter include Kondo electronic states, fractional quantum Hall quasi-particles or electron Andreev pairs built by superconducting proximity effects.
